Population divergence and gene flow are key processes in evolution and ecology. Model-based analysis of genome-wide datasets allows discrimination between alternative scenarios for these 30 processes even in non-model taxa. We used two complementary approaches (one based on the blockwise site frequency spectrum (bSFS), the second on the Pairwise Sequentially Markovian 32 Coalescent (PSMC)) to infer the divergence history of a fig wasp, Pleistodontes nigriventris. Pleistodontes nigriventris and its fig tree mutualist Ficus watkinsiana are restricted to rain forest 34
48
Introduction 50 Division of an ancestral population into daughter populations is a universal and repeating process in biology. The tempo and mode of population divergence are central to evolutionary 52 processes ranging from local adaptation and range expansion to the origin of species (Hey & Nielsen 2004 ; Martin et al., 2013; Sousa & Hey, 2013) . From a demographic perspective, 54 population divergence can be described in terms of the sizes of ancestral and descendant populations, the time at which the ancestral population split, and parameters capturing the timing, 56 extent and direction of gene flow between descendant populations. Gene flow can be modelled in at least two general ways ( Fig. 1 these two populations, using WGD for just two individuals per population. Our approaches take advantage of the haplodiploidy of the Hymenoptera, by sampling males whose haploid genomes 78 facilitate data analysis and interpretation.
We first compare support for alternative IM and ADM models using a parametric maximum-80 composite likelihood method (Lohse et al., 2011; , and then compare these results with those obtained using the Pairwise Sequentially Markovian Coalescent (PSMC) (Li & Durbin, 2011 ), a 82 non-parametric method. We chose these methods because they infer population history based on different aspects of genome-wide sequence variation, and have contrasting limitations. The Lohse 84 et al. (2011) method is based on a blockwise summary of sequence variation, while PSMC exploits the information contained in the density of pairwise differences along a minimal sample of two 86 haploid genomes. The Lohse et al. (2011) method -by design -lacks power to detect very gradual demographic changes (for example, in population size), while PSMC is known to smooth out very 88 sudden changes (Li & Durbin, 2011) . The two methods therefore complement each other and together provide a comprehensive picture of population history. 90 (Dixon 2003) . The distribution of Australian rainforests has been dictated by two major processes. First, falling temperatures during the Miocene restricted them to areas of 98 higher rainfall along the eastern and southern coasts (Markgraf et al., 1995) µl with autoclaved MilliQ water. Amplification was carried out using a Bio-Rad S1000 thermal 172 cycler for 2 minutes at 94°C, 35 cycles of 30 seconds at 94°C, 30 seconds at 48°C, 40 seconds at 72°C, and a final elongation step of 5 minutes at 72°C. PCR products were visualised on a 2% 174 agarose gel and cleaned using a shrimp alkaline phosphatase and exonuclease 1 protocol. 2.5 µl of SAPExo1 mix (1.425 µl SAP dilution buffer, 1 µl SAP (1U), 0.075 µl Exo1 (1.5U)) was added to 176 each sample before being incubated for 40 minutes at 37°C followed by 15 minutes at 94°C. Only the forward strand was sequenced for each individual, using BigDye chemistry on an ABI 3730 178 machine at the Edinburgh Genomics facility. Sequences for the four individuals have been deposited on GenBank (individual accession numbers: N1 MF597824; N2 MF597800; S1 180 MF597825; S2 MF597826). 
High-throughput library preparation and sequencing

Bioinformatic pipeline 194
Reads for all four individuals were screened to remove low quality and contaminant reads and combined. After exclusion of contaminants, reads for all four individuals were combined to 196 generate a de novo meta-assembly for P. nigriventris using SPAdes (version 3.6.2) (Bankevich et al., 2012) . Reads from each individual were mapped back to this reference using BWA; variants 198 were called using GATK haplotype caller. After masking repeat sequences, sites with a minimum coverage of two and a mapping quality (>20) and base quality (>10) were identified using the 200 GATK tool CallableLoci. The bioinformatic pipeline is summarised diagrammatically in Supplementary information, Figure S1 . 202 Ceratosolen solmsi (Niu et al., 2015) . To remove contaminant sequences from our data, we first aligned reads across all 4 individuals to a Velvet assembly (version 1.2.10) with a k-mer length of 214 31 (Zerbino and Birney, 2008) . The filtered reads for each individual were mapped to an initial Velvet reference assembly using Bowtie2 version 2.2.3 (Langmead and Salzberg, 2012) . 216
Contaminant sequences were identified using blobtools (Kumar et al., 2013) , which uses BLAST searches to create Taxon-Annotated-GC-Coverage plots (Blobplots) that allocate aligned reads to 218 taxa at a user-specified level. We used four BLAST approaches to assess taxonomic matches: (i)
The fast protein aligner Diamond (version 0.7.9) (Buchfink et al., 2015) was used alongside three 220 BLAST (version 2.2.29) searches: (ii) against the NCBI nucleotide database CreateSequenceDictionary (version 1.141) respectively. The BAM files were sorted and merged to create a single species BAM file using the picard tool MergeSamFiles. Duplicate reads were 236 removed from these merged files using the picard tool MarkDuplicates. Variants were called using HaplotypeCaller in GATK. As male wasps are haploid, ploidy was set to 1 and the '-emit variants 238 only' option was used. Only SNPs were considered. increases with the number of unique bSFS configurations considered in the data. We limited the number of bSFS configurations by lumping mutation counts above a threshold kmax= 2 for the Nvar, 292
Svar and SharedVar and kmax= 3 for fixed differences. Since 87% of the blockwise data are within these kmax bounds and so included in the composite likelihood calculation exactly, the expected 294 loss of power is minimal. Fitting the inferred model to these simulated datasets, we obtained 95% confidence intervals for 310 parameter estimates as ±1.96 standard deviations (of the analogous estimates on the simulated data). 312
(v) Model selection. We used an analogous parametric bootstrap scheme to determine whether the IM or ADM models provided a significantly better fit to our data. We fitted both models to each of 314 respectively. The two consensus files per population were merged using the seqtk function mergefa (version 1.0) and converted to the PSMC input format using the PSMC function fq2psmcfa 338 (version 0.6.5). Only contigs that contain >10kb of unfiltered bases, ≥ 80% of which pass a quality threshold score, here set to ≥20 were included (6,900 and 7,305 contigs for the North and South 340 pairs respectively). We analysed each pair of individuals with PSMC (version 0.6.5) using the following parameter values: N = 30, t = 20, r = 10.3 and p = "4+60*1+4". Each dataset was sub-342 sampled 100 times to generate bootstrap replicates using the PSMC utility splitfa (version 0.6.5).
Results were calibrated using the same mutation rate and generation times given above. 344
Results
De novo genome assembly for Pleistodontes nigriventris 346
Nextera libraries were generated successfully for all four male Pleistodontes nigriventris ( Figure S3 ). After initial filtering and trimming the joint assembly of reads for all four individuals in 348
Velvet contained 173,180 contigs ≥200bp (Table S1 ). We identified contaminant reads from a range of non-Arthropod taxa ( Figure S4 ). Individual assemblies contained between 5k and 149k 350 reads identified as bacterial. For three individuals over 97% of these were attributed to Wolbachia (and 24% in the final individual) (Table S2 ). The relative fraction of Wolbachia reads was 352 significantly higher in Northern compared to Southern individuals (Chi-squared = 95159, df = 1, p < 2.2e-16), consistent with previous findings of between-population differences in Wolbachia 354 prevalence in P. nigriventris (Haine & Cook, 2005) . Excluding contaminant reads resulted in between 11 and 22.5 million reads per individual (Table S1 ). Re-assembly using SPAdes improved 356 the contiguity (139,731 contigs ≥200bp, N50 of 9,643 bp) and the completeness of the final assembly: CEGMA scores: 93.15% complete and 99.19% partially complete, BUSCO scores for 358 the reference Arthropod gene set: 74% complete, 4.5% duplicated, 16% fragmented and 8.4%
missing . We note that the P. nigriventris assembly, although fragmented, has higher completeness 360 Of these, 0.8% (5,872) contained both shared variants and fixed difference, violating the 4-gamete 372 test, and were excluded from blockwise analyses.
Inferring divergence with continuous migration and admixture
Isolation with continuous migration (IM). Models incorporating post-divergence migration and 374 different effective population sizes (Ne) received substantially greater support than otherwise equivalent models with no migration and/or a single Ne parameter (Table 1a ). The best-supported 376 direction of migration is from South to North, irrespective of whether we assumed a single Ne (compare model IM3 to IM2) or two Ne parameters (compare IM7+IM9 to models IM6+IM8). The 378 scenario in which the Southern population retained the ancestral Ne (IM9; Figure S2 ) had highest support. Under this model, the split between the two populations occurred 177 (95% C.I. 172-182) 380 thousand years ago (kya) and the Ne for the ancestral/Southern population was estimated to be slightly higher (69k, 95% C.I. 65.4k-72.6k) than for the Northern population (58k 95% C.I. 54.3k-382 61.5k). We inferred a migration rate M from South to North of 0.071. Although low (1 migrant from South to North every 28 generations), this estimate was significantly greater than zero (95% C.I. 384
0.045 -0.097).
Isolation with instantaneous admixture (ADM). Inferences for models assuming instantaneous 386
admixture mirrored those for IM models both in terms of model comparisons and parameter estimates: scenarios with gene flow and two Ne parameters were significantly better supported 388 than otherwise equivalent models without admixture and/or a single Ne (Table 1b) . The bestsupported admixture direction was again from South to North, and the model assuming that the 390 Southern population retained the ancestral Ne (ADM10; Figure S2 Greater support of instantaneous admixture. The ADM model had greater support than the IM model (ΔlnCL = 4175). Since the blockwise composite likelihood calculation ignores linkage 400 between blocks and given that IM and ADM models are not nested, we cannot use a likelihood ratio test to compare the support for these models. To confirm whether the simpler IM model fits 402 significantly worse than the ADM model we obtained a critical value for ΔlnCL (155.4 at p=0.05) using a fully parametric bootstrap. The difference in model support in favour of the ADM model 404 ΔlnCL = 4175 in the real data far exceeds this and confirms that admixture provides a better fit to our data than continuous gene flow. To investigate which aspect of blockwise variation in the data 406 allows discrimination between instantaneous admixture (ADM) and continuous migration (IM), we compared the frequencies of the most common bSFS configurations in the data with those 408 expected under the best fitting IM and ADM models ( Figure S6 ). Inspection of the residual reveals that the ADM model predicts both the frequency of monomorphic blocks ({0,0,0,0}) and blocks with 410 more than three fixed differences ({0,0,>3,0}) better than the IM model. close correspondence between blockwise analyses and PSMC in several respects (Fig. 4) . First, PSMC trajectories are consistent with the blockwise inference of a slightly larger Ne in the 418
PSMC supports divergence and instantaneous admixture from South to
Southern population compared to the North. Second, the divergence time inferred by the blockwise analyses corresponds to a period in the PSMC at which the Northern and Southern populations 420
show similar Ne (overlapping confidence intervals), consistent with a shared ancestral population.
Finally, PSMC infers an increase in the Northern Ne prior to the time of admixture inferred under 422 the ADM model. Such an increase in genetic diversity in the (Northern) recipient population is exactly what would be expected from a sudden admixture event. We note that PSMC also reveals 424 an increase in the Southern Ne around the same time which, however, is markedly smaller. While PSMC also shows an increase in Ne in the very recent past (i.e. the last 3ky), the variation among 426 bootstrap replicates (Fig. 5) suggests that our data lack the signal to reliably infer population size change over this timescale. 428 Burdekin and St. Lawrence Gaps are thought to be products of the long term aridification of Australia, and though it is uncertain when they first formed, they most likely existed through 454 multiple Pleistocene cycles (Bryant & Krosch, 2016) .
Discussion
Individual level population genomics of very small insects
We found a strong signature of population divergence over the combined Burdekin and St. 456
Lawrence gaps in Pleistodontes nigriventris. This is perhaps to be expected, given the obligate dependence of P. nigriventris on Ficus watkinsiana, and the restriction of this fig species to rain 458 forest (Dixon 2003) . However, our analyses do not allow inference of the ancestral distribution of P. nigriventris, and are compatible with either population being founded from the other, or vicariance 460 of a previously continuous rainforest distribution (Martin, 2006) . The best fitting IM and ADM models for P. nigriventris agree that the divergence between the Northern and Southern 2014), and 31-51mya in assassin spiders (Rix & Harvey 2012) . Given that most of these previous estimates are not based on any statistical model of population divergence, but rather a single 480 (often mitochondrial) gene tree, it is unclear how much of the variation in previous divergence time estimates across these co-distributed taxa simply reflects coalescence variance and/or differences 
Limits of demographic inference 526
Demographic analyses that are based on genome-wide samples of either single variants or loci/blocks generally assume that blocks are statistically independent. A common way of dealing 528 with linkage effects is to use subsampling, either by sampling a fixed minimum distance apart or by resampling bootstrap. We have instead opted for a fully parametric bootstrap that incorporates 530 linkage between blocks explicitly. Although this is computationally more intensive than subsampling, we believe it is the only way to accurately capture the effect on parameter estimates. 532
Our parametric bootstrap for the best fitting IM and ADM models gave narrow 95% confidence intervals for all model parameters. Importantly, mean parameter estimates obtained from the 534 simulation replicates are very close to the MLEs used to simulate the datasets (Table 1) . This confirms that biases in parameter estimates due to violations of the assumption of no 536 recombination within blocks are negligible, as shown in previous studies on a range of organisms Wang & Liu, 2016). Another standard assumption of demographic inference is that sequences evolve neutrally. While our approach sampled blockwise sequence variation genome-wide, one 540 would expect both genome assembly and read mapping to be easier in regions under selective constraint. As a consequence, our blockwise dataset is likely enriched for conserved coding 542 regions. In a methodologically similar study of a European gall wasp, Hearn et al., (2014) tested for the effect of selective constraint by partitioning blocks according to the proportion of coding 544 sequence they contained, and scaling the estimated genome-wide mutation rate between values for synonymous and non-synonymous mutations. They found that mutation rate heterogeneity had 546 no impact on the inference, reporting only a slight increase in Ne and divergence time estimates.
Given these results and the lack of annotated genomes or transcriptome data to aid gene 548 detection, we have not pursued this here. However, it will be interesting to check whether selective constraint can explain the observed higher frequency of invariant blocks in our P. nigriventris data 550 compared to expectations under both the best fitting IM and ADM models. Taken together, these results suggest that recombination within blocks and background selection had a minimal impact 552 on our inference of demographic history. of precise generation time information is due primarily to the fact that, like many tropical monoecious figs, F. watkinsiana fruits asynchronously year round (Harrison, 2005) , with no clear 564 seasonal cycle to entrain pollinator generations. Based on personal observation (JMC and Tim Sutton, Western Sydney University), a range of 2-6 generations per year seems likely. Assuming 2 566 and 6 generations per year (rather than 4 as we have done here) would still place divergence and admixture times for P. nigriventris in the late Pleistocene. However, in the absence of precise 568 information our attempt to match the demographic history of P. nigriventris to past climatic events remains speculative. However, the fact that our parameter estimates are consistent across models and the close fit of 578 the ADM model to the blockwise data in absolute terms, suggest that we have captured key aspects of the demographic history of P. nigriventris. It is also encouraging that, as we have 580
shown, continuous and discrete gene flow can be clearly distinguished in this species, even over relatively recent timescales (both in terms of sequence divergence and genetic drift). 582
Our results show that robust demographic inferences can be made for very small sample sizes of non-model taxa without significant associated genomic resources. Such approaches are likely to 584 be increasingly useful for taxa that are rare or hard to sample. Our approach provides a framework for comparative analyses that reconstruct the assembly of 590 these species-rich communities. More broadly, given that many questions about both intraspecific demography history and speciation come down to distinguishing between ongoing gene flow and 592 discrete admixture pulses, systematic power analyses on how this can best be achievedespecially for genomic data from non-model organisms without a contiguous reference genome -594 are urgently needed. 
